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FOREWORD

The work reported herein, covering the period 10 April 1972 to 31 December
1972, was carried out by the Infrared and Optics Division of the Environmental
Research Institute of Michigan (formerly the Willow Run Laboratories of The
University of Michigan), Ann Arbor, Michigan. The work, which was performed
under Contract DAAD05-72-C-0246 for the Army Ballistic Research Laboratories,
was done in three parts, each of which represents one volume.

The three volumes comprising the present series on polarized radiance are:

I - Polarized Bidirectional Reflectance with Lambertian or Non-Lambertian
Diffuse Components

II - Polarized Spectral Emittance from 4 to 14 pm

III - Wavelength Dependence of Polarized Bidirectional Reflectance

The ERIM number for Volume I of this report is 192500-1-T(I).
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PRE FACE

Under contract commitments with the Air Force Avionics Laboratory (Con-
tract F33615-70-C-1123), a bidirectional reflectance model was developed to
predict reflectance from rough surfaces as a function of the zenith and azimuth
angles of source and receiver, given a set of input parameters derived from
limited measurements. It was observed, however, that the model required
further extension to account for anomalies in the comparison of meapured data
with calculated model predictions. Specifically, it was determined that the model
would be more accurate if it could account for a non-Lambertian, non-specular
component of the reflectance which was assumed to result from scattering within
the target material. Extension of the model to take the non-Lambertian angular
dependence into account was carried out under this BRL contract, as well as
coding the model in Fortran WV and validating it.

This extension of the bidirectional reflectance model plus other extensions
performed under the AFAL contract have considerably improved the fit between
model predictions and measured data.

The work done under this contract with BRL has been combined with the
work done under the Air Force contract to form a unified model. Therefore,
for completeness, the AF-sponsored part of the model is included in this re-
port.
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POLARIZED RADIANCE
Volume I

Polhrized Bidirectional Reflectance with Lambertian
or Non-Lambertian Diffuse Components

10 April Through 31 December 1972

INTRODUCTION

A model for predicting the radiance at a remote sensor must include the spatial, spectral,

and polarization characteristics of the bidirectional reflectance and directional emittance with

respect to target and background surfaces. In principle, the directional reflectance and di-

rectional emittance properties of materials must be known for all source and receiver angles,

polarizations, and wavelengths. A Lambertian assumption may be valid for some types of

"backgrounds, but for most man-made targets is scarcely adequate. Measurement of all spatial,

polarization, and spectral characteristics of the bidirectional reflectance and directional emit-

tance for a large number of material samples is impractical. Even if such measurement were

performed, the data could not all be stored efficiently enough to make it accessible for digital

computations. Clearly, an empirical model is required to approximate the bidirectional reflec-

tance and directional emittance properties from a limited number of measurements.

The bidirectional reflectance model first developed by the Environmental Research Insti-

tute of Michigan (ERIM) for the Air Force [1, 21 is described in this report. The model accounts

for effects that produce both specular and diffuse components. In particular, a surface model

relates bidirectional reflectance for all source-receiver angles and polarizations to fixed

bistatic measurements and a Brewster angle measurement. The model has been extended

under this contract to enable calculation of either a Lambertiandiffuse component or a non-

Lambertian diffuse component. The latter component accounts for angular and depolarization

properties arising from internal scattering effects. Our extension of the bidirectional re-

flectance model has considerably improved the fit between model predictions and measured data,

as will be shown in Section 6.

As it now stands,the model permits generation of an enormous amount of bidirectional re-

flectance data from a very small amount of measured data. The accuracy shown in Section 6

on Model Validation indicates that the model is very effective, although it can still be improved,

particularly at large receiver zenith angles. With the ability to account for elliptical (partic-

ularly circular) polarization now built in, the model is available for use with circularly po-

larized sources, If these sources prove useful in the future,

In this report, we compare measured data with results computed from both the Initial

model and from the extended model,and then evaluate the relative performance of the two. We

1



,stablishi a domain of validity for each, based oji material properties. Since the modeling is

uallpirical, wily a limited amount oi measured data are required as input parameters. In this

case, the parameters are the fixed bistatic data.

All modeling described in Volume I of this report was performed with respect to one wave-

length, A 1.06 1Lm.

ili2



2

BIDIRECTIONAL REFLECTANCE

One physical property which can be measured directly from a sample of material is bi-

directional reflectance. The physical definition is

P10i~o; 0'0 =6L r(0 r, 0 r (a

i, r, r i(0i' Oi

where 6Ei(OP, ¢i) is the incremental irradiance (power per unit area) impingent on the surface

of a material fromthedirection (9i, ¢i), and L r(0 r, r ) is the resulting increment of radiance
(power per unit projected area per unit solid angle) scattered from that surface in the direc-

tion (0r, Or). Figure 1 illustrates the situation. The bistatic angle, 20, is that angle between
the vectors which point to the source and the receiver respectively.

Equation (la) can be rewritten in terms of directly-accessible experimental parameters as

6P
r

6A cos 0 6SI
r r(iOi, r,¢r) 6 P. (lb)

1
6A

where 6Pi is the power, inwatts, incident from the direction (0i, Oi) on the small area 6A, and

6Pr is the resulting power scattered into the small solid angle 6ir in the direction (ar, Od.

When polarization dependence is to be shown, subscripts are appended to thep' term. Thus
when we writep' ,the leading subscript, ai, describes the source polarization while thetrail-

airy
ing subscript, ar, describes the receiver polarization. The source polarization, always re-
ferred to the plane of incidence, describes the polarization state of the electric field vector.
The appended subscript symbols 11 and i indicate whether the source electric vector polariza-
tion is parall(K to or perpendicular to the incidence plane. The reflected electric field polariza-

tion state is specified by the same symbols, but here the reference plane is that reflectance

plane defined by the sample normal and the direction to the receiver. (For example, p,_1 re-
presents reflectance measured when source polarization is perpendicular to the incidence

plane and receiver polarization is parallel to the reflectance plane.) Notice that when either
the source or the receiver, or both, are scanned in angle over the sample, the incidence and
reflectance planes changce orientation with relation both to the sample and to each other.

Bidirecticnal reflectance depends on the physical properties of the material as well as on
the geometric state of its surface. Different surface states result in different reflectances.

Hence, a complete collection of bidirectional reflectance data for any single material would

require measurements of a large number o; samples of the material, each with a different Sur-
face state. Each sample would have to be measured with several source-receiver polarization

combinations. Consequently a very large number of source and receiver positions would be

3
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required for each set of polarization states. Finally, the entire procedure would have to be
repeated at many different wavelengths. The purpose of modeling is to predict reflectance
data from only a limited number of measurements and hence eliminate the need for an other-
wise unwieldy measurement program.
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BACKGROUND INFORMATION

The bidirectional reflectance model is based on observations of polarized bidirectional

data from rough, painted surfaces which exhibit a Brewster angle (FI-esnel -like behavior in

relation to the specular geometry). The degree of depolarization appears slight, and on that

basis for the initial modeling work in this program single specular reflection from the rough

front surface was assumed to be the dominarnt reflection mechanism. Multiple front-surface

reflections and internal scatterings were observed to be smaller and were initially incorpo-

rated into a Lambertian "volume" model to account for the diffuse component.

The assumption that the diffuse component is Lambertian, however, makes it difficult to

account for certain anomalies that occur when measured data are compared with the model's

output. For example, Fig. 2 is a bidirectional reflectance curve showing the reflectances at

the receiver as the receiver scans over zenith angles from 00 to 900 in the 0 r = 00 and 0 r = 1800

half planes. The source remains fixed at U i - 400 and 0i = 1800. The upper curve shows re-

flectances when source and receiver are both linearly polarized at the same polarization angle

with respect to the target-incidence and target-receiver planes. (In this case, both are per-

pendicular-polarized.) The lower curve shows reflectances when source and receiver are

cross-polarized with respe.t to one another. (Source is perpendicular-polarized; receiver is

parallel-polarized.) Note the marked angular dependence in the lower curve. If the nonspecular

component were truly Lambertian, no such angular dependence would be present.

Also, although radiation sources in this work are all linearly polarized, future work may

well involve more general cases. Therefore, the model should account for the most general

type of polarization -namely, elliptical.

For the above reasons, and in order to obtain a closer overall correspondence between

model prediction and measured data, the model has been extended to account for the following:

(1) possible non-Lambertian angular dependence of depolarized component

(2) shadowing and obscuration produced by the roughness of the surface

(3) elliptical polarization

The model -a phenomenological one in that its use requires a limited number of measure-

ments -is described in the next two sections. Section 4 includes a discussion of specular re-

flectance from the surface, effects caused by shadowing and obscuration resulting from surface

roughness, and polarization effects. Section 5 describes the volume model.

6
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4

SURFACE MODEL

In this section, we review the surface model and also discuss the interference effects that

necessitated model modification.

4.1. AVAILABLE AREA

If the rough surface is considered to be made up of small sequins having a distribution of

orientations, there will be some specular reflectance at any receiver angle and the extent of

that reflectance will be determined in part by the amount of surface oriented for specular re-

flection at that receiver angle. (The area available for such reflection will also depend on how

some sequins shadow or obscure others.) Since measurements do, in fact, show a reflectance

distribution over the hemisphere, we assume that the above description is vali d and that there is,

indeed, a distribution of surface areas which have normals pointing indifferent directions. There-

fore, to establL,. listribution of available surface area. we define a density function -E(0, 0)

which describes the r&K..; ove density of local surface normals (per steradian) pointing in the

direction (t0, 0).

The effect of the distribution of surface normals is measured by a zero bistatic measure-

ment in which 0.i = t)r and 0 i = Or' (Note that we really use a fixed bistatic scan with a small

bistatic angle. A true zero iistatic scan would be very difficult to obtain since source and

receiver obviously cannot occupy the same position.)

4.2. FRESNEL COEFFICIENTS

Fresne! reflectance coefficients describe the reflectance and polarization of specularly

reflected radiation as functions of source and detector positions and of the complex index of

refraction. However, since we are trying to find reflectance as a function of source and de-

tector positions only, we must know -or be able to determine -the index of refraction. (As

discussed later in this section, we can determine the index by measuring the Brewster angle.)

Since, in the surface model, we consider only single, local specular reflections, the Fresnel

equations automatically account for polarization.

If the receiver subtends the solid angle 60r from the sample (see Fig. 1) the solid angle

a^ in which local surface normals must lie to permit collection of the local specularly re-
n

flected radiation by the receiver is giwvn by:

r
4 = Co--.cs (2)

This solid angle is centered about the direction & ,.

8



Let 6Pi be power incident on area 6A. The fraction of surface area, 6A which
reflects radiation into the receiver is given by

6 0(9. 6A) 6i9 (3)

The power incident on 6A (1) A 0) is

n n

dA(0. cos)6P nc (4)
i 6A cos 0.I

Since the Fresnel reflectance, R(3), is just the ratio of reflected power to incident power, then

6A (0, 'ýA

63= RWj)6P. n) Cos /3(5)
r i 6A cos 0.

6P
r

6A cos 0 66
Recall that in Eq. (Ib): p'(Pi a r 1r, r) = 6p . Substituting Eqs. (5), (3) and (2):

R(3)ýý(6, 0 6
R(Olo;a 0 ) (. ý fi) -(6)

( Ii rr -r 4 cos 0. cos (I r

By considering the case when source and receiver are in the same position, i.e., a zero

bistatic ( = 0) case, Z' a can be determined. In this situation

/ R() r )
o' (€,0,,• - 7)

P'(O.A' ; Otf .02
n n n 4 cos

and
4p'(0• , 0; 0 A, 0 Cos 2 0

n h n ( 8 )-- o n -- R(O) (8)

Now substitute back into Eq. (6) and

P IIý'( , ;• ,0 0 Cos20

WO -'.;R(3) A ý ý A(9)
I(i'•i 0r' r) RT0 Cos Ot Cos o r

Equation (9) Is an expression for the bidirectional reflectance given in terms of measured

data and Fresnel reflectance coefficients. However. to evaluate the Fresnel coefficients so

they can be used in Eq. (9) takes a little work. For example. R(jl) is a function of the real and

imaginary parts of the complex ind.x of refraction, n' = n - ik (see Ref. 3 or Appendix 11).

Therefore, n and k must be found before R(d) can be determined.

9



Moreover, k is taken to be very snmall* bo that n can be determined expt,'i-Aentally by mea-

suring the Brewster angle, 0 B' and then using n : tan o B to solve for n.

4.3. SHADOWING AND OBSCURATION

Referring to Eq. (9), we can derive a zero bistatic curve, p'(0A ,', ; t?,¢^A from a p'(09.i,
pn h n n1

lt~ror) curve with OF 0i fixed and tr variable by inverting the equation so that

--- =-P , -R(o) P oi ro d Cos Ot Cos Or (10)

after doing this for a variety of r. s, we found that the curves obtained differed systematically

from those obtained from a fixed bistatic measurement. Apparently, because of surface rough-

ness, somie sequins shadow or obscure others; this reduces reflectance everywhere except at
a purely back -scattered position. The model must therefore be modified to correct for such
interference.

Torrance and Sparrow [41 have developed an analytical function that helps correct the sit-
uation; however, we have constructed our own function using empirical considerations only.
Our function results in better agreement between measured and derived fixed bistatic curves
than does the analytical function of Torrance and Sparrow. The empirical function (SO) is de-
fined as:

1--- T, I (11)

i1

where Q and T are parameters, and 0 1 is a factor calculated from the geometry, which adjusts
the fall-off rate of the shadowinig and obscuration function in the forward -scattered direction.

*For the calculations in this study, results of past measurement programs f 11 were
used to establish the refractive indices. In those programs, it was determined that the
magnitude of the total index of refraction was close to 1.65; that the imaginary part of the In-
dex of refraction could be neglected, compared to the real part; and that the index of refraction,
for the wavelengths of incident radiation under consideration (ito 4 pm), did not vary apprecia-
bly.
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We now modify Eq. (9):

p?((oi r -MR() Cos Co 1)cos2 " (12)1'O'i 1 r'€r) cos O. co
S r

Equation (10) becomes

= R(0) P'(0i, U ,rr) cos 0i Cos r (13)

In" ,; , R(13) cos2a)(SO)



SII 5
VOLUME MODELS

The following discussion outlines the reasoning behind the extended portion of the bidirec-

tional reflectance model. (The extended portion is referred to as the "volume" model.)

Different materials with varying degrees of surface roughness and different optical prop-

erties show differences in nonspecular reflectance behavior. These differences show up in the

extent to which the nonspecular reflectance is dependent upon angular position of the receiver.

To make provision for materials that do exhibit such angular dependence and for those that

do not, two volume models are used. The following discussion describes, first, a Lambertian

volume model which has no angular dependence, and then a non-Lambertian volume model in

which angular dependence is important.

5.1. LAMBERTIAN

In addition to Fresnel reflection from a surface, other effects such as might take place be-

neath the surface can produce a nonspecular reflectance component everywhere in the hemi-

sphere. If the surface roughness as well as the absorption properties of the surface are right,

this volume reflectance may be completely diffuse and uniform over the hemisphere. Moreover,

the reflected radiation will be totally depolarized, regardless of the polarization of the source.

Thus, if the receiver is polarized in the orthogonal direction to the source polarization, an in-

plane measurement will represent the volume component only. However, only half the volume

component is actually represented, since there should be an equal diffuse contribution polarized

in the same direction as the source.

The Lambertian volume component is one of the input parameters for the model when a

target material with Lambertian reflectance properties is considered. A method whereby values

for this parameter may be extracted is described in Section 6.

5.2. NON-LAMBEIRTIAN

On the basis of the Lambertian diffuse model described above, no angular dependence

would be expected for the diffuse component. However, for some materials, actual measure-

ments show that there is an angular dependence. To provide for the angular dependence of the

diffuse component, the model has been extended by including scattering that takes place beneath

the surface.

Assuming an exponential scattering function as the radiation first enters and then leaves

the surface, and making reference to Fig. 3, we construct an expression for the volume scat-

tering component of the bidirectional reflectance as follows:

12
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FIGURE 3. VOLUME SCATTERING GEOMETRY AND PARAMETERS

13



-E0 irradiance at surface of area A., where A, is the area of cross section of the colli-

mated beam and is normal to the beam

E E0 irradiance on surface element of area A

E. - irradiance on surface of slab or area A at distance z beneath surface

Lr(3) -- radiance scattered from primary beam through 243 in direction of receiver

- half of angle between target-to-source and target-to-receiver vectors

a = total scattering cross section (ignoring absorption)

a (3) = differential scattering cross section with respect to (J3, i.e., fo (3) d• Q fda/da dll a

S= solid angle subtended at target by receiver, assuming a point target

;I i angle of incident beam relative to fixed z axis

0 r angle of reflected beam relative to fixed z axis

The objective of the following calculation is to determine that portion of the primary beam

scattered from distance z beneath the surface through an angle 23 toward a receiver which sub-

tends solid angle Q1.

First, the bidirectional reflectance defined in Eq. (1) is now p' = L r/E0 with respect to the

slab (see Fig. 3). To determine E0

A1. ý A cos ut. (14)!

P p P cos 1.
E oEc = A7fcos 4- A E-L0 Cos 0i (15)

where P is the power at surface of area A.

The irradiance incident on the slab at distance z beneath its surface is:

-T -aYz,'Cos 0Ei E0 e-O E0 e (16)

where ( z cos ,.. Hence

-az cos o

Ei E 10 Cos fie (17)

and

-QZ cos ,'i

dE. - -E1 0 t0z dz (18)

where dE is the amount by which irradlance decreases in going from distance z to distance
-o z cos nd -o z,' cos tr

z + dz beneath surface. Note also that e and e represent the scattering

loss from the beam or. the way in and on the way out of the material, respectively. To deter-

mine Lr.

14



P = LrAr cos 0r power at the receiver (19)

dL = radiance scattered, in direction of receiver, from one small slab (20)r
of thickness dz

Radiance from slab in direction 0 (or 3) can be written:r

dL : -dE.a(3) (21)

since a (8) is, by definition the fraction of beam scattered into 2,3. Note that (since we are ignor-

ing absorption) irradiance lost from the incident beam is the radiance of the scattered beam;

therefore a minus sign precedes dE. Hence, if there is no further power loss

dP = -Al rdEa (,a) (22)
r r 1

However, power loss caused by beam scattering occurs on the way out as well as the way in;

ihe loss is represented by e on the way out.

Therefore

dPr = (-AQr a(0)e rdEi 1 (23)ciz/cos 0cosl•.. ra (j)e rE

Substituting the expression for dEi, Eq. (18), into Eq. (23), we obtain:

-a z/cos 0ij, 7(I3)e )
dP =E 0 ae ,a s (e QrdZ (24)

Pr= dPr cos 0 (25)

co c

00

where the integration from 0 to c assumes no transmission of power through the material, L.e.,
the material has effectively an infinite thickness with respect to transmission. Therefore

Pr Ej-O (•
rL (26)

r A cos ~r
r r Cos -+ -r Cos3 61 os0r

and

. L oi a ,oo., (27)

E 0  Cos 0 Cos~ d ~ 1_ cos 01 +CosG1
i (os0 I r)
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In ignoring the finite thickness of the layer of material, we have also ignored the possible

specular reflectance of the bottom surface. To account for the possibility of specular reflec-

tion from the bottom layer, it may be useful to provide a parameter function peaked near

0[ IA 0. Therefore, we include all 13 dependence in a function f(o), and all a^ dependence in a
n n

functiong ( and write

:i. .,iii mipVfW)g(O

p "-o 2 (28)
]l mcos 0. +cos 0

mr r

where f(j3) and g (0A provide freedom for empirical adjustment. The constant, pV, rep.-esents

the value of p' when 0. =0 =0 and f(3) =g ( 1.
I r1 n1

l'"16



6
MODEL VALIDATION

Use of tht bidirectional reflectance model requires a limited amount of measured data

(namely the zero bistatic measurement) from which complete sets of reflectances can be cal-

culated. The results of these model-calculated bidirectional reflectances can then be com-

pared to corresponding results of actual measurements. This was the procedure we followed

to validate the model.

Model calculations and measured data were compared in terms of p, (the reflectance), C1 or

4r (the angle of polarization for the beam after reflection from the target), and P (the percent-

age of polarization of the reflected beam).

Measured data for materials of different properties (color and roughness) were used to

demonstrate the model's performance. The materials are designated as A02018-001,

A02018-002, and A02100. Material A02018-001 is a green paint and mater-al A02018-002 is a

tan paint. These materials were supplied by the Army Ballistic Research Laboratories for the

purpose of developing the non-Lambertian diffuse component of the model.

Measured data for materials A02018-001 and A02018-002 were used for the fitting since

it was felt that two surfaces of extremely different properties (color and roughness) would be

necessary to demonstrate the performance of the model. Measurements on material A02017 -

001 show that the bidirectional reflectance very closely resembles that of material A02018-001.

Therefore, sufficient information was developed in validating the model with material A02018-

001 to permit assignment of parameters to material A02017 -001 as well. Additional validation

was performed with respect to A02100 (so:l) and discussion is included. Model parameters are

listed in Table 1. (See Section 7 for definitions of model parameters.) The overall discussion

of the model fitting is divided into five parts:

(1) p' for A02018-001

(2) p' for A02018-002

(3) polarization angle (a or V r ) for A02018-001

(4) percent polarization (P) for A02018-001 and A02018-002

(5) p' for A02100

In what follows, the orientation of the source polarizer in the measurements of materials

A02018-001 and A02018-002 was not actually perpendicular, parallel, nor at 45o to the plane of

incidence but instead was offset by 50 in each case. Specifically, the appropriate correspon-

dences, shown in Table II, should be recognized. These shifts were taken into account when

the validation calculations were made on the computer; however, we continue to refer to "per-

pendicular," "parallel," and "45°.

17



TABLE I. MODEL PARAMETERS FOR SAMPLE PAINTS

Material

Parameter A02017-001 A02018-001 A02018-002

n 1.65 1.65 1.65

k 0 0 0

0XI -- * --- * 0.044

Px2 * - 0.044

Pv .0064 0.007 0.05**

T 15 15 15

9 40 40 40

f0) 1 1 1

p'(O (,0; OAOA)cos 0 Sn n n n

x 1.06 1 .0 6Lm 1.06 jm

*This material is run with the non-Lambertian volume model; therefore
values are not necessary.

**Material 2018-002 was run with the Lambertian volume model; there-
fore V should not be used.

TABLE I. TRUE SOURCE POLARIZATION ANGLES

Receiver Nominal Angles
Azimuth000Plane 1(0°) 11(90°) +45 -45

Pa 0- 180 0

30°0 210 0 50 -85O .40°

60 - 2 4 0

90 0270° 50 +950 +50°

Fixed Bistatic 5°0 950 +500

6.1, REI LECTANCE FOR SAMPLE MATERIAL A02018-001

Material A02018-001 is a green painted surface. The zero bistatic measurement with 50

po!arization angle (i.e., almost perpendicular polarization) is shown in Fig. 4. (The zero bi-

static data with parallel-polarized source, although not shown, have identical characteristics.)

The zero bistatic plot is sharply peaked at 00, falling off rapidly to a constant value at about

18
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FIGURE 4. FIXED BISTATJC p' FOR A02018 -001
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20". In all receiver polarizations, p' shows an angular dependence clearly departing from

Lambertian behavior. The table of values for p' A.o A' Ay AC , used in the model
On n n n n

was obtained from this measurement by reading off P' and p' at each angle and then calcu-

laig(p ' o 2  wher 1A
lating W. Pl) COS2 0, where 0 is the angle that the normal to the reflecting facet makes

with the fixed z-axis. In zero bistatic scans, 9. = 0I = 0 (see Fig. 1). (Physically the source1 r A
0~ no0

and receiver were separated by 1.80. Thus, both were 0.9 from the true 0 . In the calcula-A

tions, the axis was translated to bring the x-axis into correspondence with 0 A = 0.) The sub-
n

traction, p '1 - eliminates the diffuse contribution which would distort the value for

p',(0, ; 0~ ,)which is what must be measured (recall Eq. 9).

In Figs. 5, 7, 9 and 11,* plots of measured data are shown for i. 40, *. = 1800 and where
= , 0 0

is scanned in azimuth planes represented by 0 , 1800; 900, 2700; 300, 2100; 600, 2400.r
Each measurement plot is followed by plots of data generated, respectively, by the Lamber-

tian model with no shadowing and obscuration factor, by the non-Lambertian model with no

shadowing and obscuration factor, and by the non-Lambertian model with the shadowing and

obscuration factor. For example, Fig. 6 shows the calculated p' data for 9. = 400 and 0 as0 1 r
scanned in the 00 and 1800 azimuth planes for the above variations of the model. The simu-

lated source is taken to have a "perpendicular" polarization angle. In these in-plane scans
(Or = 0 0 1800), the main peak is in the 00 azimuth plane which is the forward direction for the

r0
source angle of 'ki +180 . Note the rise (in the plot of measured data) at large zenith angles

for the cross-polarized component. This is a characteristic which suggests the need for the

non-Lambertian volume model.

Surface Plus Lambertian Volume Model with No Shadowing and Obscuration Correction.

Figure 6 plots (in solid lines) the model calculation using the surface model plus the Lamber-

tian volume model with no correction for shadowing and obscuration. The following charac-

teristics should be noted:

(1) In the 0r ý 0 (forward scattering) azimuth plane, the model fits the measured data

very well between 0 r 0 and V rI 50 for matched polarization of source and receiver.r r

At o r 600, the calculated curve suddenly diverges. This is thought to be the resultr
of the failure to account for shadowing and obscuration as discussed earlier. At LI

ý 00 and on into the backscattered (0r = 1800) direction, the calculated values lie

above the measured values and this, too, is believed to be the result of the lack of a

shadowing and obscuration correction.

(2) In the cross-polarization component (Ji), the model predicts a flat response except

for a slight hump under the specular peak. The measured data, however, show a

clear angular dependence on 0r

*Note: On all reprints of original computer plots, the symbols 0r and 0r are represented

by 0 R and 4 'R respectively.
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FIGURE 5. MEASURED p FOR A02018-001. 0 40 0 , 0 r = 0, 1800.
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With the exception of these two characteristics, however, the surface plus Lambertian volume

model with no shadowing and obscuration correction fits the measured data fairly well.

Non-Lambertian Volume Model with No Shadowing and Obscuration Correction. The dotted

lines in Fig. 6 show a model plot using the same parameters, except that the non-Lambertian

volume model is now used. Keep in mind that one may use the non-Lambertian volume scat-

tering as a model by itself or in conjunction with a specular component. The latter is used

here. In the like-polarized component, nothing has changed from the previous case. However,

the cross-polarized component now fits the measured data much more closely. It rises steadily

at large angles, both in the back-scattered and forward-scattered directions-a result of

1/(cos 0i + cos 0r) dependence shown in Eq. (28) for the volume model. However, the response

for the like-polarized component does not drop sharply enough at either side of the peak, and at

high angles in the forward-scattered direction, the awkward divergence still appears at 600.

Thus, the non-Lambertian volume model improves the cross-polarized fit (with respect to

material A02018-001) over that of the Lambertian volume model and, apart from anomalies at

high angles and near 0°, provides a reasonable fit to the measurements.

Non-Lambertian Volume Model with Shadowing and Obscuration Correction. The dashed-

line curves in Fig. 6 show results with the shadowing and obscuration correction applied to the

non-Lambertian volume model calculation. The cross-polarized component is unaffected. The

net effect on the match-polarized component is to reduce the reflectance everywhere except at

the specular peak and at the direct backscattering peak (i.e., at ý3 = 0). In particular, it lowers

the forward-scatter contributions beyond 500, bringing the model closer to measured data in

this region. Overall, the fit obtained using the volume model with a shadowing and obscuration

correction agrees closely with measurements.

The foregoing discussion applies to "in plane" receiver scans -those in the 0 r = 0 and

Or - 1800 azimuth planes. The azimuth plane perpendicular to the 00, 1800 plane is the 900,

2700 plane and is referred to as "out-of-plane". The plane we are in or out of is the plane of

incident beam and target normal, or the target incidence plane. (See Fig. 1.)

In Fig. 7 we have the plot of measured data for the out-of-plane situation with perpendicular-

polarized source again. In this case, however, the incidence plane is perpendicular to the re-
0.0 hrfr, ,le

flection plane. At (m 0, therefore, in plane is the same as P'11 out of plane. For this

reason, the reflectances of match-polarized and cross-polarized components seem to exchange

behaviors in the out-of-plane configi ration, as is verified by the plotted measurements as well

as by the model calculations. Figure 8 presents plots of a Lambertian model without the shad-

owing and obscuration factor, a surface plus non-Lambertian volume model without the shad-

owing and obscuration factor, and the surface plus non-Lambertian volume model with the

shadowing and obscuration factor, As before, it is apparent that the use of the non-Lambertian

volume model plus the shadowing and obscuration factor improves agreement between model

and measurements so that, apart from a possible overall scale factor, the agreement is within

measurement fluctuation. 23
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For additional validation, plots are shown for the 300, 2100 azimuth planes (Figs. 9 and 10)

and for the 600, 2400 azimuth planes (Figs. 11 and 12). The characteristics of calculated and

measured curves, apart from a scale factor, are in excellent agreement. Figures 13 through

20 represent similar comparisons for the case when the source polarizer is set for -450 (in

the 00, 1800 azimuth plane) and set parallel (in the 300, 2100; 600, 2400; and 900, 2700 planes).

Measured plots are presented with the calculated plot to represent the surface plus non-

Lambertian volume model and to include the shadowing and obscuration factor.

6.2'. REFLECTANCE FOR SAMPLE MATERIAL A02018-002

Material A02018-002 consists of a tan painted surface.

Based on the zero bistatic scan, Fig. 21, material A02018-002 appears to be somewhat

brighter than material A02018-001. Whereas the non-Lambertian volume model was clearly

the best choice for material A02018-001, it is not in the case of A02018-002. In this latter

case, the best choice is the Lambertian model.

The lack of angular dependence in the reflectance of the cross-polarized component could

have a number of explanations. Multiple scattering increases for rougher surfaces. Since such

scattering may not be angular dependent, it could become a large enough factor to swamp the

angular dependence which is otherwise present. Moreover, the difference in color between the

green and tan certainly alters the absorption and, consequently, can alter the angular dependence
as well.

In any case, the appropriate model to use can be determined by looking at the cross-

polarized component of the fixed bistatic scan. If a clear angular dependence is present, the

non-Lambertian model should be used. But if there is little or no apparent angular dependence,

as with material A02018-002, then the Lambertian model is more appropriate.

In Figs. 22 through 29, plots are provided for different azimuth planes, beginning with the

plot for measured data, followed immediately by the corresponding plot from model calcula-

tions. In this group of illustrations, Figs. 22 through 25 represent perpendicular source po-

larization, while Figs. 26 through 20 represent a source parallel polarization for the 00, 1800

azimuth plane and for the 900, 2700 azimuth plane.

In all cases the fit appears to be excellent, except for occasional anomalies at large azi-

muth angles. Further modification of the shadowing and obscuration factor should decrease

these present anomalies.

6.3. POLARIZATION ANGLE (0 )FOR SAMPLE MATERIAL A02018-001
r

The reflectances of the perpendicular and parallel components of a linearly polarized

beam vary as functions of the source-receiver angles and the index of refraction of the target

material. (See, for example, the Fresnel equations, Ref. 3.) Based on observations, the index

of refraction varies little over a wide range of paint surfaces. For the particular materials
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covered in this report, the variation is considered to be zero. Therefore, for these surfaces,

polarization angle is essentially a function only of source-receiver positions.

As additional validation for the model, predicted polarization angles are compared with

polarization angles extracted from the measured data. Figures 30 through 33 show plots

obtained for the 00, 1800; 900, 2700; 300, 2100; and 600, 2400 azimuth planes. Measured data

represent material A02018-001. In all cases, agreement between measurements and calcu-

lations is excellent, with the average disparity not more than 10%. In particular, the dramatic

agreement between measurements and model in the 300, 2100 and 600, 2400 azimuth planes

constitutes powerful verification of the model and affirms its usefulness in arbitrary source-

receiver positions.

6.4. PERCENT POLARIZATION FOR SAMPLE MATERIALS A02018-001 AND A02018-002

Percent polarization (P) validates the ratio of surface -to -volume contributions to reflec-

tance. Percent polarization depends on both polarized reflectance and angle of polarization,

both validated in earlier sections of this report. In this section, we compare model predic-

tions with percent polarization values extracted from measured data.

Figures 34 and 35 illustrate degree of polarization for scans of material A02018-002, for

perpendicular and parallel sources, respectively. The validity of the model is supported by

the close correlation between the behavior of values extracted from measured data and those

calculated with the model.

Additional confirmation of the model is provided in Figs. 36 through 38 where percent

polarization plots are given for material A02018-001 in the 00, 1800 and 900, 2700 azimuth

angle planes.

6.5. REFLECTANCE FOR SAMPLE MATERIAL A02100

Here the material was a soil specimen. The fixed-bistatic scan (see Fig. 39) indicates a

strong angular dependence in both the like-polarized and the cross-polarized components and

no specularity. Moreover, the angular dependence in the fixed-bistatic scan looks very much

like the dependence in the non -Lambertian volume model. However, in the 0
cos 0 + cos r r

scans with 0 held fixed, the angular dependence is no longer typical (see Figs. 40, 43, and 46).

Since there Is no apparent specularity in the measurement data, the model was run so as

to consider only Lambertlan or non-Lambertian components, with no specular component. Our

validation was done with a perpendicular-polarized source for ai = 00, 200, and 400, respectively,

and Or scanned in-plane. For each Oi, the measurement graph is given first, followed by the

graphs of the non-Lambertian model and the Lambertlan model. Note that in selecting pX

value for the Lambertian model, we must take an average of the cross-polarized part of the

fixed-bistatic. Therefore, this value is slightly higher than the PV used in the non-Lambertian

model. (Section 7 describes how to select parameters.)
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For the 9. - 00 case, note that the measured data (see Fig. 40) lacks the characteristic

angular dependence of the non-Lambertian model (see Fig. 41) - in fact, the graph falls off

below the Lambertian graph (see Fig. 42).

For the 0i = 200 case, the measured data (see Fig. 43) shows an upturn at higher 9r values,

which is more consistent with the non-Lambertian model. In fact, the non-Lambertian model

prediction (see Fig. 44) shows much closer agreement than in the 9 . = 00 case. The Lambertian

calculation (see Fig. 45) once again appears to be taking a rough average. The situation for

0. 400 (see Figs. 46-48) is very similar to that for 9. = 200.i I

Behavior of the fixed-bistatic measurement data indicates that the non-Lambertian compo-

nent should dominate. However, at small values of 9. the accuracy is not good. It is not abso-

lutely clear where the difficulty lies. One should note, however, that we took the depolarization

to be identically equal to 1. Further modeling to determine the depolarization dependence more

accurately may well resolve the problem.
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7
MOD)EL PA RAMET1ER{S

This se'ctioni briefly describes the model ,a.uitesthat can be used in the bidirectional

reflectance program and explains howv their v~jiues arc( derii'ea. The tJioicc of parameters for

use in thc programi depends to somne extent onl the miode of the mrodel being run. Basically, theI model is run in three different modes:

(1) Surface and La mbertian volumie components

(2) \uiii-Lainbertian volume component i(ao surilacc contributioxi ii-luded)

(3) Surface and non-Lambertiain volumu , iuiponiiets

Therefore, we have grouped the model paraxnicters as follows;

(I) Polarization parameters

(2) Surface model paranieters

(3) Lamibertian volume model paraiaeteL.,

(4) Non-Lanibertian volume niode paramtietrs

7.1. SOURCE POLARIZATION PARAMETERS

The present moudel has been designed to account for polarization dependence in both sur-

face and volunie components.

Ini the surfacu component, pol.1riZ?.tion1 is Jacoun1ted for aUtomnaticatly in the Fresnel reflec -

tance coefficients. In the most general case, ý,uvn pof.iiization can be elliptical and can be de-

composed into linear and circular components. To date, only a linearly polarized source and

receiver have been used in meoureniemits. liu~wLever, fur somne applications, circularly polar-

ized sources or receivers mnay be of interest. Therefore, in the model, we have provided pro-

gram subroutines which take into considerationli the ellipticity and handedness (i.e., direction

of rotation in an elliptically polarizvd sourus. s) nofth imicident mwo rellec-ted beam.

For \olunilu comiipaiments inl both L~iiiwvrI ia,m aiIu -aic ,ad v..ves, it is assumed that

* uflectaimi v will be depoiarized to Sonic c~tuills Ill both caises, inl fact, %%t, assume total depla ~r -
ization. '~Tfcrefore. almtough a depola rizat ion ;wctor has been include-d -it the non -Lamibertian

volume model tor- luture flexibility, we assumet D)PL) 1.

The so~u rce polam r/..stioofl ny most genera Li,, Oe defined its pa irtia itv polarizcd with the pa -

14 rized component elliptically polarized. The state of' polarization of tile source will be defined

by its degree of polarization. P. and parameters A. B, tý. and 1i to define the elliptical polariza -

tion of the polarized component. Hiere. A and 13 are the intensities .slonig the semii-major and

semi -mninor axes, respectively. The angle 6, - te :i mriigl h0--oi the :.t'llhi -major uis f the

ellipse anid ttict direction normial to the plant, wi amicidence,. miavi~urvd looking into the source

bevam: is equivalent to iv except thAt 00 A dt)j .mid -90') 9uu. fhe lhande-dness Hf

- tl.



The Stokes vectors provide a convenient formalism for defining the polarization state of

the reflected radiance. (Reference [51 provides a general discussion of Stokes vectors in this

context. I

p u
cos 2x cos 24/

L I P si sin

where I and I are the polarized and unpola-rized components, respectively, in the reflectedp u
radiance. The degree of polarization in the reflected radiance is P = I p/(Ip + I u). Angles x

and 4P define the polarization state of the reflected radiance: I/ is the angle between the semi-

major axis of the ellipse and the direction normal to the plane of reflection; tan x = ±+rIB/7A

where A and B are the intensities along the semi-major and semi-minor axes of the polariza-

tion ellipse and tan <0 for left- handed elliptically polarized radiation.> 0 right-

The RHOPRIME program produces the Stokes vector S for unit irradiance in the input beam;

the area may also be defined to be unity and then S represents a reflectance Stokes vector. The

program also produces the components of the reflected radiance transmitted with a receiver

polarization analyzer oriented parallel or perpendicular to the reflectance plane for computing

pý ,1 and pý,.

7.2. SURFACE MODEL PARAMETERS

n and k. These are the real and imaginary parts of the refractive index. As discussed

earlier in this report, they are used for the determination of R(ii), the Fresnel reflectance.

Values for n and k are estimated for the paint surfaces in this study. Moreover, the surface

is assumed to be essentially nonconducting so that k = 0. Based on experience with similar

paint samples, n is taken to be 1.65. For a given sample, n and k can be determined accu-

rately by measuring the Brewster angle and calculating n and k as outlined in Section 4 on the

surface model. At the present time the program used, RHOPRIME, does not do this.

T and Q. These parameters are used in the function which provides a correction to the

program to account for shadowing and obscuration effects resultiri, from the roughness of the

surface. Valutos for - and Ql have been selected, base" on observed characteristics of reflec-

tance properties. They have been established as - - 15 and 0 - 40.

A 'Cos 2^ 0 . One of the quantities in Eq. (9) from which p'(ti,•,; t#,ror ) is de-

termned is A(9 : 0/\,ocos o,. As previously discussed, p 0, ,y,; o A 0 is obtained from

from zerobistaticdata. Values for (11^1Ac0 toAmust be calculated (preferably for
(\n n n n, n

increments of two degrees) and made into a table which L, one of the mod: I tiputs. Values are

provided in Tables III-VI for materials A02017-001, AU2UI8-001, A02018-002, atid A02100.
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7.3. LAMBERTIAN VOLUME MODEL PARAMETERS

PX1 and jx2* These are the cross components of polarized radiation used in the model to

account for the diffuse contribution, p -X1 2p1 i and Px2 p1: 2P. 11 , where P11 # and/or P ,1 is de-

termined by taking the average value of the ciý,ss component from the m•easured data. Ac-

cording to the reciprocity theorem, px1  Ref. 6 1. It is important to remember that pX

Salues only used when the volume scatter model is not used. When the volume model is used,

P\I Px2 -.

7.4. NON-LAMBERTIAN VOLUME MODEL PARAMETERS

PV" This represents the non-Lambertian volume scatter component: it is determined by

extracting p' or (' at the point which would iie under the peak of the zero bistatic scan if the

measured curve were smooth; p V - 2 pi 11 2p'., at the peak loint. (The fact that a hump some-

times occurs on the measured cross componeut curve is discussed in the section on Model Vali-

dations.)

Here again, it ts important to remember tmat when the LtAibertian volume model is used,

V -. 0 and p X 0. When the non-Laambertiant volume model is used, pV 1 0 and p. -0. Also,

PV and p are never simultaneously nonzero in miodels which have been validated to date.

DP(,;), f(,t), g('). Integral parts of SUBROUTINE FUNC, these parameters currently are

alI set equal to 1. They have been included to provide flexibility for later model modifications.

!, , ... . . .. t . .. . .. ..3



TABLE II[. p'(0 nn; n ,Wn) cos 2 0n VALUES FOR A02017-001

2

.9 .14528
2.9 .08415
4.9 .0529
6.9 .03705
8.9 .03077

10.9 .02315
12.9 .01829
14.9 .01786
16.9 .01524
18.9 .01344
20.9 .01169
22.9 .01091
24.9 .01148
26.9 .00984
28.9 .0086
30.9 .00925
32.9 .00908
34.9 .00815
36.9 .00625
38.9 .00649
40.9 .00664
42.9 .00617
44.9 .00531
46.9 .00465
48.9 .00474
50.9 .00406
52.9 .00354
54.9 .00291
56.9 .00323
58.9 .00265
60.9 .00224
62.9 .00217
64.9 .00211
66.9 .00205
68.9 .00196
70.9 .0027
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2TABLE IV. p'(•%nn ;nn) cos 0 VALUES FOR A02018-001
n

1.1 .5143
3.1 .27294
5.1 .11897
7.1 .05797
9.1 .03291

11.1 .02348
13.1 .02058
15.1 .01614
17.1 .0143
19.1 .0118
21.1 .01191
23.1 .01056
25.1 .01055
27.1 .00924
29.1 .00918
31.1 .00672
33.1 .00708
35.1 .00612
37.1 .00597
39.1 .00578
41.1 .00549
43.1 .00469
45.1 .00459
47.1 .00433
49.1 .00417
51.1 .0046
53.1 .00376
55.1 .00292
57.1 .0023
59.1 .00179
61.1 .00168
63.1 .00132
65.1 .0013
67.1 .00109
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TABLE V. p(0 n,0n ; non) coS2 0n VALUES FOR A02018-002

ft nn

1.15 .02497
3.15 .02520
5.15 .02388
7.15 .01975
9.15 .02135

11.15 .02177
13.15 .02335
15.15 .02353
17.15 .02300
19.15 .02243
21.15 .02338
23.15 .02022
25.15 .02056
27.15 .01726
29.15 .01885
31.15 .01966
33.15 .01875
35.15 .02089
37.15 .01882
39.15 .01709
41.15 .01785
43.15 .01604
45.15 .01545
47.15 .01295
49.15 .01319
51.15 .01434
53.15 .01180
55.15 .01385
57.15 .01190
59.15 .00922
61.15 .01149
63.15 .00869
65.15 .00954
67.15 .00808
69.15 .01349
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TABLE VI. p'(0nWn; 0n, n) cos 2 0 VALUES FOR A02100
n

0.1 .21399
2.1 .16918
4.1 .1096
6.1 .08454
8.1 .05494

10.1 .03917
12.1 .03869
14.1 .02547
16.1 .03465
18.1 .02112
20.1 .02753
22.1 .02155
24.1 .02261
26.1 .01906
28.1 .02055
30.1 .01637
32.1 .01799
34.1 .01778
36.1 .01601
38.1 .01559
40.1 .01337
42.1 .01626
44.1 .01101
46.1 .01054
48.1 .00894
50.1 .01003
52.1 .00898
54.1 .00648
56.1 .00815
58.1 .00701
60.1 .00470
62.1 .00552
64.1 .00497
66.1 .00387
68.1 .00343
70.1 .00292

72



Appendix I
DOCUMENTATION OF BIDIRECTIONAL REFLECTANCE PROCRAM (RHOPRITME)

Program RHOPRIME is the main calling program for subroutines to read and store ma-

terials data, perform geometrical calcuiations, compute bidirectional reflectances for any

source/receiver position and polarization, and prepare the output in a convenient format. The

calling sequence, purpose, and calculations performed by each subroutine are given below, fol-

lowed by details on the input data formats.

111.1. DESCRIPTIONS OF SUBROUTINES

SUBROUTINE INDATA. This is the first subroutine called. Material parameters needed

for the calculation of bidirectional reflectance are read and stored. Material parameters are

MAT = material specifier

N = n = real part of refractive index

K = k - imaginary part of refractive index

RX1 = pl 1 ý diffuse reflectance for J. polarized source

RX2 = px2 = diffuse reflectance for 0 polarized source

RHOV = pv = volume reflectance

SIGMA parameters available to calculate p' AA,, , A ; in subroutine FUNC

RPO \ n n n n

TAU = T(deg)

OMEGA =l (deg)
Qd I parameters to calculate a shadowing and obscuration factor to be ap-Qi fplied to p' (cos j NP) in subroutine FUNC

Q2 I

RCOSBNP ='(0,0,; 1(). )Cos 2 nn table of zero-degree bistatic bidirectional reflec-

BNP = 0 (deg) tance data
n

TITLE. A title card (optional) is read and used to identify on the printed output the cal-

culations to be performed.

FACET. The source and receiver arelocated in an earth-fixed, right-handed XYZ coordi-

nate system. The XYZ components of the unit normal vector of the reflecting surface are read

(optional). If the facet definition card is not supplied, the facet unit normal vector defaults to

(0, 0, 1).

COMPUTATION REQUEST. The specification of source and receiver positions and source

polarization for computation of the bidirectional reflectance is read.
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ISW niodel selector

TS = zenith angle of source (deg)

PS azimuth angle of source (deg)

TD - zenith angle of receiver (deg)

PD - azimuth angle of receiver (deg)

A intensity of major axis of polarization ellipse

B - intensity of minor axis of polarization ellipse

PSI - angle of major axis of polarization ellipse from the normal to the plane of incidence

measured CCW looking into the source, 0 -:U PSI n- 180 (deg)

P - polarization of -ource (0 - P - 1.0)

H iihadeuiaess of polarization ellipse (91.0 or 0.0)

MI itiaterial specifier

SUBROUTINE SCAN. This subroutine defties a sequence of detec,,o positions for a speci-

fied suurce positioni and polarization.

ISW imodel selectr

TS unitoh angle of source (deg)

PS azimuth angle of source (deg)

IDS start zenlith angle of rcceiver tCg);

TI'D a cd zenitlh aingle of receiver (deg)

TSTt'111 zenith angle scan irncrement (deg)

P1)S sarvt azinuth angle of receiver (aug,

PDlL eid azimuth angle of receiver toe.;,

PSTE: azulimtih a:ngle scan inicremnent tt)

A intensity on major axis of p)olarttziLt)is ellipse

1 tlnteaisity tol nlimor iXLS Of 1)olarlzaitt! 1 t- li)pse

PSI anigle of miiajitr axis of polarizathlll V&ALjRL,' 1on111 the normial , tioe plane oi incidence

!10;1iSUiettl CCW lOingKIII into t, toukct U PSI 130 (deg)

l) pIt.iariit/li io l source (U P 1.0)

H1 hiAiidedne.ss of ljularizuttion ellipse t, 1.0 or to uý

Mtl iiate'Lul p)CCallaer

SUBROJUTINE GEOM. Tlis subroutile does tile necessary gCometrical calculations of

anigle s ineetited for t ie bidirectiunal ref lectance casCuIariolsS (see Fig. 49 ,.

OR - (0, U. 1) is a unit vector along tile e;Ctth-t ixed Z axiS

PSI the angie of me- jii1j or d 5xi- otf l i r/.,tit el tlipsv± ti'tflii t', nuorimal vector of the OR,

E plain twia+-ssed CC+% hit•tlig ill!t,' se c.utrc, 0 PSi 18U ideg)

Cu I.Olt.
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OR D•

E x I)
XA v -

U :. E~u FD~T-;ýE-f
OP×xE

XAP -Op xEl
OP×D

YAP- OPxD

COSli X DI

CObBDP OP - D

COSB/h P - UPE

COSBNP- OP"X

PSIPE - PSI - SIGN(-XAP OR)ARCOS(XAP Y)

angle of major axis of polarization ellipse from the normal vector of the OP, E

plane

PSIDE - PSI - SIGN(Y D)ARCOS(U. Y)

angle of major axis of polarization ellipse from the normal vector of the D, E

plane

WADE .- -SIGN(-YA E)ARCOS(XA • YA)

- angle for transforming the output angle oi polarization from E, D plane to OR, D

plane

EDPHI - ARCOS(XAP YAP) - the relative azimuth angle between E and D in the facet

coordinate system

DC (-SINBEP, 0, COSBEP) direction if bpecular ray in the facet coordinate system

Dl - (SINBDP COS EDPHI, SINBDP SIN EDPHI, COSBDP) = direction of reflected ray in

the facet coordinate system

NZ1 DC OP

NZ N/I , DC

DN DI • NZ

PHIM.N 0 IF DN " 0j parameter required in FUNCTION FUNC

:. 2 - AICOS(-DN) IF DN " for sataowing and obbcuration

SUtiROUTINE GFRM. GFRM does all of me bidirectional reflectance calculations. The

surbroutint. requires:

F series of switches which can be set (,,ptkonal) to reduce the number of redundant compu-

tations when GFRM is used as part (f the multifaceted target model

CWS1 deftned in SUBROUTINE GEOM

(C'06liOP defined in SUBItOUTINE GEOM

CC0k*EP defined in SUBROUTINE GEOM
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COSBNP c defined i?, SUBROUTINE GROM

PSIPE =-defined in SjBP.OMTINE GEOM

PSIDE = defined in SUBROUTINE GEOM

WADE = defined in SU73ROUTINE GEOM

AP area of facet (if AP -- zero, GFRM returns a bidirectional reflectanci Stokes vector;

if AP - 0, GFRM i eturns a Stokes vector for the reflected radiant intensity for unity

irradiance in the incident beam)

MI = material specifier (available in COMMON)

ISW = model selector (available in COMMON'

W =wavelength specifier (•vailatle in COMMON), not used

TABLE = array contai.ihig Jl of the materials properties data read in SUBROUTINE IN-

DATA

GFRM returns the bidirectional !eflectance Stokes vector (AP = 0) or radiant intensity Stok -.

vector (AP :- 0).

111 = Stokes vector for surface plus Lambertian model with polarized source

121 = Stokes vector for surface plus Tambertian raodel with unpolarized source

113 = Stokes vector for non-Lambertian Yolume model with polarized source

123 = Stokes vector for non-Lambertian volume model with unpolarized source

114 = Stokes vector for combined model with polarized source

124 = Stokes vector for combined model with unpolarized source

FUNCTION GETDAT returns the appropriate material parameters for bidirectional re-

flectance calculations, namely N, K, RX1, RX2, RHOV, RCOSBNP, DPO, DP90, F, G.

FUNCTION FUNC provides the optional capability for deriving RCOSBNP analytically (if

SIGMA -o 0)and for deriving a shadowing and obscuration correction factor (optional) to the

RCOSBNP used in the specular model. In addition, the depolarization factors DP0(B) and

DP90(B), as well as F(B) and G(BNP) needed in the volume model, are defined analytically.

FUNCTION FUNC currently yields

DPO(B) = 1.0

DP90(B) = 1.0

F(B)= 1.0

G(BNP) 71.0 BP

RCOSBNP (COSBNP)2 RPO Fle" L2 "2 ' SIGMA Q2 RHov

fur BNP ' SIGMA
/ BNP

2 SIGMA
-(COSBNP) RPOiQle Q2 RHOV

for BNP ' SIGMA
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The shadowing and obscuration facior applied lit RCOSBNP (measured values read during the

iniput phase of RHOPRIME or defined analytically in FUNC) is

-2B
BNP I'AU1.OMEGA e___1 _

BNP PHIEN BEP
1 ÷OMEGA 1 +OMEGA OMEGA

(a) SURFACE- PLUS- LAMBERTIAN MODEL CALCULATION

2 2 2
(N + 1) K (V2 - COSB2 V3

2 2 2(N-1) K (V2 + COSB) V3

- normalized reflectance for I polarized incidence

R90 (V2COSB , COS 2B- 1)2 ,V3COS2B RO
2 2 COi

(V2COSB - COS B 1) .• V3COS2 B

normalized reflectance for I1 polarized incidence

where

V2 C B)--B)

V3 K2 2 212 2 2 B)2 N2 K2 I 2COS2 3)
3 2

If' H 0 the calculiation is uiade for a plane pularized source (polarizat.on angle PSI). The

calculation ignores the induced elliptical polarization for K t 0.

PSIED ATAN j - . TAN PSIDE SIGN (COSA'AN(G4) - COSB)

polarization angle Wi Hl respect to ), E reference plane, after reflection

C I if AP U, tiht-i a hidirectional c'elleciance S'.okes vector is computed

C AP- COSBEP. CO•BDP it AP , U. then a reflected radiant intensity Stokes vector Is

cutnputed
S'IC0SBNP

Ilth C CO '1N Ito - COS PSIDE + R9USI N2 PSIDE

(RXI'CO62 PSIPE - RX2"SIN2 PSIPE).

111(2) C.OsagCOsBDp (Ho COS2 PSIDE H90 -SIN 2 PSIDF)COM2 (PSIED-WADE

[it ý'b 13N P
1110() - C c.06•BE-PC-: BDP (RO COS' PSIDE R90 SIN2 PSIDE)SIN2 (PSIED-WADEi
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121(l) COSBEOSB SBDP !(R0 + R90) + (RX1 RX2

RCOGBP 1 ,: O

121(2) =C |COSB-EP --COSBDP 2-(R0 - R90) COS2 (-WADE)

121(3) RC COSBEP CO 1BDp2(RO - R90) SIN2 (-WADE)

If H = ±1 the calculation includes the phase difference and ellipticity induced by reflection

for K * 0 and is an exact treatment of the Fresnel equations.

SUBROUTINE ELIPS1 (AA, AB, PSIDE, H; AA1, AA2, D) defines the following input ellipti-

cal polarization parameters: the amplitudes perpendicular (AAI) and parallel (AA2) to the D,

E plane and the relative phase D = oil - 0J of the amplitudes of the major (AA) and minor (AB)

axes of polarization ellipse, the orientation of the ellipse with respect to the D, E plane;

PSIDE; and the handedness, H.

DR =oi - 01. induced by reflection

FOR K = 0, DR - 0 if COSB < COS ARTAN(N)

S-7T if COSB > COS ARTAN(N)

FOR K *0, DR =-77 + ATAN2[V3(1 -l COS 2 B)COSB
(_ (I -COS2B) 2COSB(V22  V3)

if( )<0

/ 2 103 (1 - COS2B )CoSBDRý =- ATAN .. ......S2)2
DR -ATN 2B) 2 - COS2 B(V2 2 , V3)/

if( ) 0

The intensities AIR and A2R, and the relative phase of the parallel and perpendicular compo-

nents of the reflected radiance induced by the reflections, are

AIR> Al R0

A2R A2 - R0

DR ý DR - D

SUBROUTINE ELIPS2 (AAI, AA2, DR, AAR, ABR, PSIED, HR) defines the elliptically

polarized reflected radiance as amplitudes AAR and ABR (if the major and minor axes, the

angle of the ellipse relative to the D, E plane, PSIED, and the handedness, HR. PSIDE r

PSIED-WADE is the angle that the polarization ellipse of the reflected radiance makes with

the normal vector to the OR, D plane.

CHI - HR- ATAN(AUR AAR) is the parameter used to r-fine the ellipticity of the reflected

radiance.

C- lifAP 0
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C AP WOS3E P UOSIDP Ll All 0

11()C AR - BR RCOSBNP +(RX1 COS' (PSIPE) + RX2 SIN 2 (PSIPEl
F A tB COS9BEgP COSBD j

111(2) - C FAH Bit RCOSBNP COS(2PSIDE)COS(2CHI)

LA -B COSBE P COSBDP

CA;B COSBEP COSBDP

111(4) rC AR+ BR RCOSBNP SN2~

I21(1 I NP + B90 +OBE C-(R1 4X

12 10 2). RCOSBNP I (RO +R901) COIS&2WAD4- P
LýCOSBEPf COSBDP 2
'RCOSBNP 1I 90

12 1(3) C LCOSBEP C IB 2 (O* SN(-2WADE]

121(4) 0

(b) VOL.UME MODEL CALCULATION

The wigrular-dtepeiident, volume reflectance miodel, Stokes vector is given by

113(l'DPO 2RHOVWF'G 2PIED9( DO
11()CdodLDO COSBEP4COSBDFP [COS PIED9( DO

SIN 2PSIDE D LP90(1,DP90)J

113 (2) C I flk-2R11OV -F -GBP O 2 PIED9( DO
)PO 1.P) C603P-OSsP COS PSIDEý DPO1DO

SIN2ýPSIDE -DPO 0l-DP9O)J COS2 2AD

I 2RHOV-FG 2113(3) C -Po ý1D --- ICOS PSIDE -DP9O(1-DP9O)

SLN'P FSIJE, D)PO(l -IP9O) SIN2 2AL)

1231 I Pgo(1 IWO~) CýOSBFP.COSBLP 2IPOI'I) PtD9)

123(21 C I 2"JOV -FG pI PI -DOCS(2AEDP9(I.PO)COSBEPICOSBDP 2 D1U PjCO-2AE

123(3) C - 1 -4 (IIO -.I )G DPO(1P) CO6S-BE p,(CORi')p2 ~DP90 - DPO I SIN(-2%kADE)

C I fr AP Ui

C APlCO6BLP-CO8BDPfor APsIu

'si



The angle of polarization of the reflected radiance, AED, from the normal vector of the D, E

plane is

AED = ATAN FDP0(1- DP90) TAN(PSIDE) SIGN(COS ATAN(N) - COSBBL P9O -P 0

and the angle of polarization referred to the OR, D plane is

AD = AED - WADE

SUBROUTINE OUTPUT. This subroutine prints the Stokes vectors for the bidirectional

reflectance (AP = 0) or reflected radiant intensity for unit incident irradlance (AP # 0) for the

surface model, the volume models, and for the combined specular and volume model. Stokes

vectors are printed for a completely polarized source,for a completely unpolarized beam, and

also for a partially polarized beam (polarization defined by the input parameter P).

In addition, several calculations are made with the Stokes vectors. For a bidirectional

reflectance (or radiant intensity) Stokes vector, the bidirectional reflectance (or radiant in-

tensity) for a receiver polarized I or II to the OR, D plane is

receiver A - B

1 2rece.iver 11 A 2 B A7

where the Stokes vector is of the form:

The angle of the major axis of the reflected radiance and the percent polarization of the

reflected radiance are also given; they are

AL = t ATAN -90 - AL - 90 (looking into the source, AL > 0 is a CCW angle:

AL < 0 is a CW angle)

2 2 2
P~ ~ ×' -91ýD 100()(ý

A

The output includes TS, PS, TD, PD, PR as well as the input anu output values of A, B, PSI, H

from the surface model calculation (if the input H = 0, the input and output values of A, B, H

default to 1, 0, and 0).

SUBROUTINE ELIPS1 (AB PSI H' A), A2 DELTA). The basic equations which relate

two specifications cf an elliptically polarized beam (A, B. PSI, H) and (Al, Bi, DELTA) are

tan o Al A2 0 - 7 2

rt
tan - *B. A for t -4 r ?• 4

it

di



tan 24/ ' tan 2a cos 6

sin 2X sin 21 sin,

from which we obtain

2 sin22y - sin 22X tan 242
1 + tan2 24/

or equivalently

cos 2,m ý- cos 2,x cos 20,

Subroutine ELIPS1 determines Al, A2, DELTA from A, B, PSI, H

LAMBDA j A2 + B2

If B ý 0, A] LAMBDA COS PSI

A2 LAMBDA SIN PSI

DELTA - 0 when 0 PSI - 7r, 2

DELTA i- , when 7T/2 -- PSI - r,

Otherwise:

CHI - Hl ATAN(B, A)

TI - iCOS 2CHI COS 2PSI;

ALPHA 1 2 ARCOS(-TI) if -, 4 PSI 3-, 4

1 '2 ARCOS(TI) if PSI < 7v 4 or 3r, 4

If ALPHA 0, Al LAMBDA, A2 0, DELTA - 0

If ALPHA 7 4. Al A2 - LAMBDA Y,2, DELTA 2CHI if PSI . 4,

H,:: - 2 CHI if PSI - 37/41

If ALPHA 2, Al 0, A2 LAMBDA, DELTA - 0

Otherwise

TI SIN 2CHI SIN2ALPHA

MU ARSIN TI

Al LAMBDA COS ALPHA

A2 LAMBDA SIN ALPHA

COSD TAN 2PSI TAN 2ALPHA

If COSD" 0 DELTA ý H'MU

If COGD 0 DELTA H'(1 - MU)

SUBROUTINE ELIPS2 (Al. A2 DELTA; A B PSI H). Subroutine ELIPS2 determines A,

B, PSI, H from Al, A2, DELTA.
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LAMBDA- VAl -A2

If Al 0 or A2 0, then A = LAMBDA, B 0, H = 1, and

PSI = 0 if A2 0

PSI = 7T/2 if Al - 0

If Al = A2, then CHI = 1/21DELTAI, A = LAMBDACOSCHI, B = LAMBDA SIN CHI, and

H = I if DELTA -> 0

= -1 if DELTA < 0

PSI = T/4 if CHI < T/4

= 37/4 if CHI > r/4

If DELTA = ±+7, A = LAMBDA, B = 0, H = 1, PSI = T - ATAN A2/A1

If DELTA = 0, A = LAMBDA, B = 0, H = 1, PSI = ATAN A2iA1

If DELTA ± ±7/2, H = +1 if DELTA > 0

-1 if DELTA < 0

If Al A2, A Al, B A2, PSI =0

If Al < A2, A = A2, B = Al, PSI = 27/2

Otherwise

If Al > A2, ALPHA ý ATAN A2/Al

CHI 1 L 2 ARSINISIN2ALPHA SINDELTAI

LAMBDA = I TAN2ALPHA COSDELTAI

A = LAMBDA COS CHI

B = LAMBDA SIN CHI

H =-± if DELTA< 0

PIrt 1: 0 < IDELTAI < 7T2; PSI = 1/2 ATANLAMDA

Part 2: ?r 2 < IDELTAI < v; PSI - 1/2 ATANLAMDA

and

if A1 - A2,, 0 rDEL'rA " 2 PSI - -l 1 2 ATANLAMDA

2 ' IDELTA; < r, PSI - - 2 1 2 ATANLAMDA

111.2. INPUT DATA FORMATS

The input to the RHOPRIME program is segmented into logical blocks. Each block is ini-
tiated by a block header and terminated by an end card. Blocks may be in any order, but a data

block is assumed to precede any computation request blocks or scan request blocks. If a block

header specifies art invalid hlock types, all input up to and including the next end card is ignored.

DATA TABLES BLOCK. The data tables block specifies all physical characteristics of the

materials to be studied. The block header is one card with the following format:
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Coluimns Descrpi io,_i
1-4 'TABL'
5-19 ignored
20-25 nmaximum material index to be expected26-80 ignored

The data tables block is itself segmented into material blocks each characterizing one ma-
terial to be studied. Each material block is initiated by a material header and terminated by an
end card. The material header is two cards with the following format:

Card 1
Columns Description

1-4 'MATR'
5-8 ignored
9-10 material index
11-20 n
21-30 k
31-40 P \l

41-50 P12

51-60 PV
61-70 SIGMA Iif SIGMA • 0, RCOBBNP is computedj

71 -d• RPO

Card 2
Columns Description

1-10 ignoredS11-20 T

21-30 Sl
31-40 Ql
41-5u Q2
51-80 blank

Following a material header, there may be a. set of p' data. If present, the p' i.- a function
of t, and tme ,.'s must be in ascending order. The format is

Colu.)JIns Desc1rpt,,

1-4 blank or 'ANGL'
5-10 ignored

1l-2u (deg)
Zl-30n \ q ,,,cos 2 ,2 1-30 CO

31-80 ignored
WARNING: Each material block must be terminated by an ,nd card. The entire data tables
block must also be termina.?d by an end card.

COMPUTATION REQjES'T' B- OCK. The computation requests block contains all infornia-
tion needed to perform desired computations. The block header is one card wit' the following
frilc d aI
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Columns Description

1-4 'COMP'
5-19 ignored
20-25 model selector
26-80 ignored

The model selector, ISW, is:

1-if specular and diffuse models are desired

3--if volume model is desired

7--if combined model is desired

Following the block header, computation requests are processed sequentially until an end

card is encountered. The format of a computation request is:

Columns Description

1-4 blank
5-9 ignored
10-16 source zenith (der,)
17 ignored
18-24 source azimuth (deg)
25 ignored
26-32 detector zenith (deg)
33 ignored
34--40 detector azimuth (deg)
41 .,nored
42-48 polarization nmajor axis length
49 ignored
50-56 polarization minor axis length
57 ignored
58-64 angle of source polarization (deg)
65 ignored
66-72 source percent polarization + 100
73 ignored
74-76 handedness of polarization (if * 0, elliptical polarization is assumed)
77 ignored
78-80 material index

SCAN REQUEST BLOCK. ii a svaul th ehtŽ detector zenith and, or azimuth is desired, a

scan rtequest biock may be used. Tet' olock header is one card ith the following format:

Columns Description

1-4 'SCAN'
5-19 ignored
20-25 model selector
26-80 ignort d

Ont card follows the block header giving all required parameters. The format of this card
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Columns Description

1-6 source zenith (deg)
7-12 source azimuth (deg)
13-18 initial detector zenith kdeg)
19-24 final detector zenith (deg)
25-30 zenith increment (deg)
31-36 initial detector azimuth (deg)
37-42 final detector azimuth (deg)
4j-48 azimuth increment (deg)
49-54 polarizaltion major axis length
55-60 polarization minor axis length
61-66 angle of source polarization (deg)
67-72 source percent polarization + 100
73-76 handedness of polarization
77-80 material index

TITLE SPECIFICATION BLOCK. A title may be printed at the top of each page of long

form output using the title specification bi-c!:. The block header is one card in the following

fornmat:

Colunins Desc ri ptin

1-4 'TITL'
5-19 ignored
20-25 blank
26-80 ignored

-Ote card following the block tieader specifies the title. The format of this card is:

Columns Descritiun

1-60 title
61-80 ignored

FACET DEFINITION BLOCK. if default facet definition is not desired, the facet may be

redefined using the facet definition block. The block header is one card in the following for-

-mat-

Columns Descript on

1-4 'FACE'
5-19 ignored
2U-25 blank
_26 80 ignored

"(One card following the block header defines the facet. The format of this card is:

c,,lu.ilis Description

1-4 blank
5-9 ignored
10-16 facet area (default 0)
17 ignored
18-24 facet norn-al - x (default 0)
25 ignored
26-3ý, facet normal - y (default 0)
33 ignored
:34-40 facet normal - z (default 1)
41-O blank
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END BLOCK. The end block terminates the program. The format of the block header is

the same as that of the end card.

Columns Description

1-4 'END'
5-80 blank

This block does not need an end card.
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Appendix II
INSTRUCTIONS FOR USE OF PROGRAM

WITH SAMPLE COMPUTER OUTPUT

The program documentation in Appendix I, together with the sample computations in-

cluded in this appendix should enable the user to (1) modify this program to accommodate the

requirements of his own computer and (2) verify output from his modified program by com-

parison with the samples given herein.

Note that the input parameter values shown in Table VII are the ones with which the pro-

gram has been run.

Sample outputs presented in this appendix include

(1) a listing of the input information (Table VII)

(2) the computed output of the program (long form) (Table VIII)

(3) a short form of the computed output, containing only that information necessary to feed

into a computer program for the purpose of obtaining plots of the data (Table IX)

The three tables mentioned above appear at the end of this appendix. All of the sample in-

formation is keyed and labelled so that elements may be identified easily. However, the further

descriptive detail below may be helpful in studying the samples given.

RHOPRIME Input Listing

The following items appear across the top of Table VII. One line 2:

n = real part of index of refraction

k imaginary part of index of refraction

PX1 cross component (2p)l } used for surface model

Px2 cross component (2pjLI)J

PV volume component used for volume wodel
SIGMA = generating function parameter

RPOSG generating function parameter

And on line 3:

7 shadowing and obscuration parameter

Q shadowing and obscuration parameter

QI = generating function parameter

Q2 generating function parameter

Following these items in Table VII is the p'(0 A: 0 ,, )cos 2 0A tabulation which, in this

cise, was extracted from measured data and determined from the zero bistatic scan. Alterna-

tively, such a tabulation can be generated by use of a generating function specified in the SUBROU-

"TINE FUNC.
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Note in the sample input information of Table VII that values are provided for pXI. andpx 2

ldd ,also lor lsV. In practice, p) F and p)x2 will be used or.pv will be used; all three vainos

will never be nonzero simultaneously.

If the table is supplied as part of the input, the parameters SIGMA and RPO are set to

0 and Ql Q2 ý 1.

The P'(V A ,); tA 1A9A )cos2 0 tabulation is followed by scan request information telling
(n n n n] nA

the computer what source-receiver combinations are to be computed and what model is to be

selected:

e , for source

i 0 for source

tr, initial ,for receiver

Y-2 1maxiniuni t, for receiver

t-r3 siz.e of angular step for o scan
r•r ¢ for receiver

¢r2 ¢ for receiver (value for second scan)

0r3 size of angular step for 0r

A semi-major axis of polarization ellipse (normalized to 1.0)

B semi-minor axis of polarization ellipse (B L 0 implies linear polarization)

PSI Angle of source polarization

P percent polarization (1.0 100',

Ml uinaterial index

ISW 7 for combined model. (When volume model is used, set p ,I * PX2 ý 0.)

Nul vi mat in addition it) these input parameters, others must be added in the SUBROUTINE

FUNC:

I)PD1 l)P90 depolarizations for perpendicular and parallel components of incident beam

1, g volume model parameters.

For the materials in the sample listing, values for DP0, DP90, f, and g have been set equal

tt) 1.0.

C,•niputŽer_ Otput (Long Form)

As exemplified by Table VIII, each page of the computed output corresponds to one source-

receiver configuration. !!*,.:ms at the upper left are self-explanatory. However it should be

,Jorne in miind that MAJOR refers to the semi-major elliptical axis (a), which is taken to be

1.0. Since MINOR, which refers to the semi-minor axis (b), is 0, the MAJOR-MINOR combina-

tion iniplies linear polarization with polarization angle PSI for the incident beam. HANDED

0 whenever the polarization is linear only.
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The entries in the three main columns are rellectances. From the top, the first four

entries in each column are the surface .aodel elements of the Stokes vector which describes

the polarization state of the beam as it leaves the target:

A total reflectance

B reflectance with receiver polarization angle z 0 (perpendicular polarization)

C reflectance with receiver polarization angle ý 450

D reflectance with receiver circularly polarized

The second four entries, still in the surface model block, are

A-B reflectance recoided from receiver with analyzer set for perpendicular polarization

A-B reflectance recorded from receiver with analyzer set for parallel polarization

AL - angle of polarization for reflected beam

P percent polarization of reflected beam

Thus far the first two blocks of four entries have been discussed. The foregoing, as pre-

viously stated, apply to the surface plus Lambertian volume model.

The thir- and fourth blocks apply to the non-Lambertian volume model and are to be inter-

preted in exactly the same manner as above.

The fifth and sixth blocks consist of the sum of the surface , volume models and are printed

out for convenience.

Note that in the volume model output and in the summed output, item D (circularly-

polarized component) is not present.

Computer Output (Short Form)

The short form of the computer output consists of t.Vi information in the last four entries
AtB A-Bof the sumnd output (surface * volume), 2B -2 , AL, P (see Table IX). Moreover, the

data are compressed so that, whereas the long form ha•: ,,rdy one source-receiver configuration

per page, the short form contains a complete scan in )ne block.

One scan consists of four item numbers. Preceding each of the first two item numbers in

each scan are

Wavelength (1.06 pim)
) (00)

01(180°0

Or (00 or 1800)
AB

The first Item number in each scan contains A- . Each output entry is preceded by the to
2 r

scan angle-i.e., 0.0, 0.0268 means that the reflectance at Ur ý 0 is 0.0268. The second item

number contains ---- The third item number contains the polarization angle, AL, at each

receiver angle. The fourth item number contains the percent polarization.

The scans are in the same overall order as those in the long form of the output
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Appendix III
RHOPRIME PROGRAM LISTING
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%frlPQIML AS ()F n22n7
1 tTmFN91q; I i4f5nU) nPf3-)1, F( 3) . L) ( ,"'W (3),L-AOL 1 3`~1 ,TALF ("-on)
eEQuTvALFNrE (TAQLFI()-j -' ,9A.TSCAN3 ~~~INTFSFr4 CIJ)F,TARLFS/UTARL'/DIflIMD/'CflMPI/,FNP/'k.No)/SA*T'C'

'4 1k'TFGFN TTTLL/' T1TL',,FaCET/eFArE W
5 NRAI 2 1 C(a) , I1 1(1C' T21 L( 1),1s31 , T 24(1CI 11 Q3(
6 CnMMON MS4sTB DPIPulPFI
I CnMNON /COPT/PSt,PU1,RETApt3FT~tn,NPOCSTNF,S1GMA,Px1L.N,I-ED,TS
13 DA TA MVy/0Q. ,9!,QU.1,0/.,AVP/0.OQ/1?41C...9.vQ±Op.IO/
9

10 C
11 C nAT
¶2 C

lb lt, FflrMAT(A4 ubY,A(F7.i 'iY)sF3.O,1A.I-k) -

l6 ;u FnflRAT(I6 JýJOMAL TFNMINATIIN')
17 IOU FflNMAT(I1','***** LML)-uF-FIILe t"O'ýUNTFNFU')
16 1i'0 FnNMAT(1 't '***** TAdtE RFA'n Fk~mjP -- CINNLT11N C%1F -0t~
19 17U FflRMAT(f1',sf***a* wANNING EnW I"~ CUMMIiTATTJN PLXJES~'S4
70 1%U FflrMAT(Il1,,s**** 1ikvALYO CAW1 Tv0 EI)
P1 1%, FflNmAT('jt,'****s knFl IN SCAN sEATS.')
?2 d"0 FflNmAT(1bA41

P5 C OATh ALIC( PtAD,.jM PHASE
P6 C

jfl, In n FAtN(P), ¶ ~nAM0C0FNA

Aj C %IATFrTAL- TACLFS

3 mill jF(%rit Ný. TAQLP%-Jfl Tu 1f~en
I iCALI Tdj!nATA(%MgT,eC)

14 iF(rc r~T. M.I)CJ T7n AutO

14 1vem IF0"rjjnL .'!E. r, Ti.JI 11)"7 l
ts U AC 3 ITUN I0lQ 11 MJ'ýfr

U3 Ir(rjnt *%* rFnpjr in '

Frg L*u . J . lr
fl jP3i r *4t `. Q* .lU a

44/ IF( *t' *A~t * *
Ait In F 4 f'n 1E. qC T)' ~ )

C; JFtjl .'E ACT¾ CALIu

C T Tj I bPL I IrrrA7T11,,
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IS 0.

A/ JF(P(3) 1.0 .0(nTUIg

JPM z 1.09

70 L. FACFT UrFTNjTTTuN

7 0 L PL~rIAM TrlkINATVIN
7/ L****

7b In i 16:(CiL NJE. rNfqr)g j inl '
4
u'4

A~u CALL- SYQTc4

P c WF;.f F:'N rAD

A " IPFr~jn~t *.,,. F,,n)ro Fr 1, o
PO 6n 1'j IUno

A~ t

A k.2MrPUTATI'1v P4AqE

Qd JIUM 1 ýI i DST/,'/.eQ57/

Qj TR/ty7.O,377

¶ ~ ~~ ,.~AL~

111 I ^1
1(e T¶I I ~r

1137

lmb C~

I MY

I- - - - i -T T !, a



I Po
171 500Mf Ilr(CC fT. A.M)GO Tm AOSO

InCALI.

1 P44CC 8 fl*#
Gm TO lflOf

1.'7 7 c
I)m C EPI PlANPmj.TNr. PMA3F ____

JMSTOP mob _____

llb 83' RRJTECOA7O,
116 STOP AOICG

1lb QG' TU l

lud) S''dul1TTNF ?NrATA(NmAT#CCI

1 "4 LUTVAt-vrE (TqFW~j
I L 5 kFAL '-*
lijo IJTF6Fk *0$.CnDFFNi/'E-'J */-,ANtrLF/'A&GLI/,PLANW/1

1,4 7 ATA 'AATq/I~uATl/- _

1r~o c FnwmATS

jq 10 FV4Mk hTY(/ *o*** AP,lki'GI~.- ANrLFS lJuT JF !nflEO.'/)

ls 1,40 FlmA?(vqo.7El0O3)
IrbCr a iMuM

1%1 7 fS 2 NvAT0

cq C 4FPhl -ATLQIAL. mFA-I

jAe FrM rNRYP

1413 IFCMAT *.,t AT~r'J P~~oo
16b OFT&O

Clb ST L)GE 0,ATCRA1 rjfSh!5Ak!Tq

17(, ITAR(mAy) a w ______

17 1 TABLEfaUS451) 2
172 TABLEf..SS,2) a 0

173 ThISLEf(.O.3) u x

17 1A Th~ ti%95S+u0 a QPE
175 TAB(LLfu*eS+S) * 01PIV
17b TAdi LrONO5.bl w J4~l~l7i3
177 T*&l kfolDS37i v DOP%
178 TAlSLEfaOS*8) a 7~JAI.M.l7di3l
179 Thd§Lkf*DS+91 2 M'FAM.l41
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I u.L ^E)5+ In)

I A c kFAM A gmjf ATIkv QCqSRNP TALILF TI. U,?VPN

lAO NA

Ja F(ruflt b4E. AMLF *ANu. coIrL .E RLA-NIW)ru TV' A030
100 I(RtTA .LL. RkTA1)WiTTF(n,1en)"AT

101 bFTAL, Or1A

Q TAijLLUA) =cV's(bF7A)
JOT~rog LfM¶~) = krjq

I Q / . r Tj 1 0 1

o'9l0 C C**

.el v L ~ *
el

~ r

eld I T'f" E) ~

C?13 ,3n C z , o

,A~- IOn / Z "T . I~I *R~IF^. TAult.,qP3 1 3.

e'4, )TmF~1" T2ft S
e 1 . I T l 41 ,1 1 14 , e %( % .11 .(J , e i ( A 1 4 3
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241 PnE a 140.0
242PtTFP 2 10O ____ _________ ___ _____

163l I(P$E~ Ly- !i.OiP-TFP a 5.0
2134 ~ IFCTSTEP *LT..2.OIT9TFP 2U

2015 LF(H *GT. 0.O)M s 1.0
246IF(14 *LT. 0.01M 9 -1.fl
247 IF(H .En. 0.0 )A a 1.*0
28IF(H 0&0,. 00,8~ x 0.0 _ __________

IF(cUnE N'E. FNfl3)LJ Tin 10'40

253 C INCREM4ENT THETA

256 IF(TU .LE. TDF)PETUPN

26 C INCREMENT PHI1

260 Pm 0+PRTFP ____ _____ ___ _____

Tn TL)q

20%4 R4FT(JNN

,db C S.AIN CLJ4PLETL __ --.- _ _-- --.-.-

269 EU-TER 0.0

22 C EPI" _AN%~TNir, -___

24 9'M0n LC .

27t RFT'IkJ
277 ENID

27 a St'bOLUIITTNF ".TA (,n4

LimoEnuTVALFN'!E (TARhPw~,TAj81

Cf IL 'It"J

21 c I (1 NP-I

2 8 c -~qs Lr d 7k

C . '( ;)) - le- ,) .-

gI c (7) MRPR

2,9 c P(Q) - )-A
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.5U cP(Q)

.5n14 C**-*

S C RTPIFVV '4ATEPJAL COINRTANTS

301 lno IF(M'I .1-7. 1 LIP. MT .GT. !flU)S1OD 1IU(0O
3 n j ro0 S KTA ('I)

slo Hel) aTAdLEfv.PS+l)

317 R(21) *TAdLEfAQS+2)

q . TA.,v E(o6PS4-1'

q~ea r 06.0 ro5+

j4(J r I A m r'l E u S 1

s Itý j T A ~ ts EwiP5 t)

2ýt cqsj T65l nf Ib+/F

31 L0 ABEWS8

3;.l it 5 K (b) 2 0-0

I~ A ~. r)J JP ýrYl,, d k q p

% I = q HIR

..s P IF (' ) :j T" )U

3~A.3 ;-,(4 h , rj A -11t )F. u m I T,.7~ n"7 >~ k; AM)J

A It Ar *



361 C FnRMATS
36? ***
363 lAO FnlMAT(f ** FArET NUT VISIRLFp.)- .-

3Ais0 C
365 IF(PbT .Gv, 1.5707963Wq1 PSIl-3.14159P7
366 IT 2Aw

370 X (I) ~)+Efl)
371 Xfa)a ()E2
372 x(3) a2~)E3

373 T1 a ViqR'.(Wry)

375 C --- . . .

378 YrI) 2 rj~(pb+1.570791
379 Y(2) 2 lJP+1509
3AQ Y(3) a m.0f

3011 Qf To lAIA
3A2 1flOO CALL CRMSR(qN,t.Y)
343 TI u VNMR-'(VOY)
3A4 C*V
3Fk5 C

3AO YAMI a Cnb(Pfl4].S7n79)
3A9 YA(P) a ST'.CPA+1.%7m7Q)
340 YA(A) a 0.0

342 1"tim CALL f6n~q(IN,U*YA)
103 T1 = VNnIW'.(AYA)
304 6**

39j C

340 1 flU In 10400

M6AO u(2) x V(7)

402 A(1) a YA(l)
'eA3 xa(P)) a VAO

4mu xx(j) a yA(X)
Aims 17 a I

6M4 Tgj IA~f

407S 1A ~ 3A Vro¶.6"(YA.~w)

MdAY ojl) S .EAO)
4610 urlz AP
'.11 .~j() vASO

4413 C
4#14 6* *

.6bI n.u T" 104V
all7 £AWl 8 YO~)
Mid6 XAPQ) w V(P)
4619 EAP(31 w a A
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4;)e TI r V.ýi*'4( YAP, WAP)

T7iAPj = VNI4yArDAD

a;)9 AP(2i2 VAQ

"'9 1 (1 A 3
"Al Gn C U SR qM

1 L ~ an CAL r~nq(1o~vA1=

Q'; 6 nTj, a~ U To I j T ( II V , d

4GI Cnp a.AO~ C39d*11

44IFe.*I I.LT. 'J*nj Tlln

1403 GT .n l J .Az(~ )nj.)

44 'A 7 ^fiLF = 3 P

I v ('I y a 1Y-

C; ~ T 3 v A VI4 ) U(l~iI )



440CALL rwq~~v,7
4AIT1 2 VN'IR4(N'ZpN7)
aple DK J1 U(fl 1.N7)

0A3 IFCDN .Lf. 6(i.ODH.TEN" 2.77-R~S.M
4A4 NfTURN

4A5 EN~D
406 SUk'IIJ1TYNE GFMLs~uap~seouapcsaPIEPI~
i4A7 I pADP~fAP#A#A#R#RRRMIRvPSTDl
MAko DTM.FN~lIlN TA8LE(50O),KTAB(50O),Q(1O)#ST(51
409 fLnG 7C AL MIDI , mUna, mn-flD,MUflM-

dial (9(1)e#4V1)D(IW(4),RIXP), CQ(),RP4UV)D (q(6).1440),
49 (D(T),DPO), (f4C),D)POO), CR(9),FF), R(I4(1f).G)

403 IJTFGFR SH4FI4

d49ýc m Cfl ý'~ m I. ISiw q fA LE, #- 12 f4-0, i1 P3, I?4~1
446DATA MA4,Kflnfl0#l0M1/

diQ7 E.YTFRNAL ~ISN

So0 C CwUnSF 4W3mEL ANn RETRI1EVE. DATA

503 It a LAJQ(4ASS(,TSw)
5046 I a I A&9L)et9Ai(,rIqFTD(TSN4.l))
505 I'J 3 I-pD43(8o~T(b,)
Sflb CAI nLTi)AT(.4.CnSo%

508 un lot i

509 IlIf) v M.
t510 lP3(l) m3
511 JISCJ) u A

513 1000 11401~ A.

51 4

516 c RFFCIILA'4 AI3 &)FFUIL mnuFL (muml & mVn07)
517 c

b5p0 C*.'..
!)?I c LnmpPUTL FOERNFL CIEFFTETE'4TS

t) P toI..I9~~*(V

vA 2 AwDT(AP5(.fnl,~tJ

511 vo s ve.ctlsq
532 ~ WA*((4rlplm*pv*n4e/(~~belo*

533 I viecao'gp))
514 IPIWM a 11.0
535 111(a)~ x A.A
5,16 JI( *NF, Qj~ T YJAOM~f
SAY Ap #),Af
618 OR S.
519 PAJIn a lf
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5e C I'tAK'L PnLAR1YZFU) lUFL

5U~4 TI a AOR(Ad"-(flSDF)-1.!,7u7t9h)
to a 5 77= £dJR(&tsO(PSTDF)-i4.7I123fQ)

tbIF(TI .rT. fl.fOI *APIU. T2 rfT. rM*OQ1JPSyTI X AlAN(SgNWT(nIVjflE
ii7I ('R9ftDo) )*TAN(PSIflL)'*1Gait(Lf(ATAN('J))IOC~b))
5 i I(TI .LE. fl*Aflq UP._ Tie 4L nn&IýTL PsTLF*91rGNeCrlsATAN

5'J r, I T1 Z AI J+Ad

5c~~ ~i S2O -- CI'S (I
5r,.ý bST(?) x 2 (I

S TI -WAflE.-AuF
5bv I = (DQ.HQO)*fl*r%

bsb 5(A) (QU.RQU)'fl.c
jc~l b(4) =vt*rjq(T11

50%3 ~ 6n TU IM2M.A

J60 va z rjdpCi~~pA

ýpb L Lnm0LJTL S1'j'(A Vtrlnoq

5 L

5d C

J75 I;leel v V1*5yt.'j
1.00 ~ IPts, VI*Tq

-37 L ~*~1~ 0'~

b~o C C'lAkVZF~Tj (AA, A 0 ,

574 L ~.A
xQ ai * fa q S7liF 0 k14 ST

-- o
.3L

T  Oofke

j4 feI x V *Q106



bflo JF(Abq(rU%8 ) LT.. 0.Ofll)UP a fl~n
601 C

b~fi , I(W *NF 0.0)(G1 TO 2M40~f
603 tWFTAd a C'IS(ATANJ(.Jj
60th JF(CUb-8FTAb)20l~,0#?0?o2fl3n

btb 210 DO 0.
6mb Gfl TU !Ab
6Ml7 2M20f JD 2 -1.570796

b09 63 UP 'a -Jfilsfl .. . - -~

610 Gn TO 2Mflef
611 C
612 if'f T3 9PnRD(X*If-US)C~
613 74 a (IOCS2*eCnR*VeV+3
61'6 LF(A88(?~i G6. u0*Qnuftj)n TO 2650
615 ;J -. ,5707,94
616 Gfl TU eflbf

big 2nf)b Ti 8 Ti/14
619 JF(T1 .1-T. A.fl)fl S -3.I1t)9.SATAhl~'(.)
6p0 JF(Tj r.E. n.6)nR z* -ATAN(TI)l - -
621 C

6P ftbft DO a flN.D
623 AIR a AI*Qo
6PM APR c A>*D9fl

6.25 AAIP 2 qUOTeAlk)

b?7 CALL FLTPq2(CAAI, AAPW.L)Q, AAQ, AUPOISTn;-N
6Pa C

6Pq AD 2 AAQ*AAQ/(Aejb)
blo 60 a AgdD*AdP/(A~d)
631IF(PSTLM' *;F, 3.a14193)PST~.f s PSTfLn-3.14tS43

b32 pqn wslEn-wAn
6,%j IF(PSTJ n~E. A~ahSPI 2 * D3119

6146 1P(PSTU 9I.E, n.fl)OSYU a P30f),.1 4 15 9S
63b TI osopl
636 TP 1 I97m7a6

64 P(Abq(aAA,) q~T. fl.fl0l11T 2 I4RbATANlCAdG,*AP)
old ~TP a S T

bal VI a * /~St~Ubp

bu) i~ vi a Dml*AP
bVP
bt C

040 C*a**.
69 C CMM'4L T t S5?)~t% V~frTmw

brio C"..'*
6 r. C

bqa C Jt.IMftAOTZV) blURnCE

694 aftaf lpa a (qRV1,wVjI1v~.o.s
6%,3 plr1' a V1.(SO.*IQu)*nf.%#jP

646 IPI(21 3 l(4WO*~*CA-&gw#L
6%7 113
*q8o
brig P-LANTIUL S'uOLF
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bhs VI a l2 A+R
6614 I11(1) m v3+11,e

b66 111(31 s V3*STN(71)*CnflST?)
667 111(41 2 V3*STNCTP))

669 C
670 C VnLIIMF NOJ'EL (mflUq)
671 C

673 3000f IF(.NtnT. MJrM3)Gf TI 4M6Of
b7a V'I z 2

b75 I(AI' nrT, fl.n)V1 S LSRP*rO~bMP*hP

b77 AFD zU.u
670 TI a AQAqPTF-~~76
b79 TPzARAjPTF-.l2Q
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